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We have shown previously that, in vitro, cortical progenitor cells isolated from speci®c locations of the cerebral wall can
adopt area-speci®c fates, assayed by expression of the limbic system-associated membrane protein (LAMP; R. T. Ferri and
P. Levitt, Cereb. Cortex 3, 187±198, 1993). Progenitors destined to produce LAMP neurons, however, will differentiate to
express the limbic molecular phenotype if grown with TGFa and collagen type IV (R. T. Ferri and P. Levitt, Development
121, 1151±1160, 1995), while other signals fail to induce LAMP. The present study used BrdU labeling of progenitor cells
to examine whether modulation of LAMP expression was paralleled by predictable changes in cell proliferation. The general
pattern of proliferation is similar under a variety of culture conditions: approximately half the cells are mitotic, and activity
is always highest during the ®rst 24 hr in vitro, with little cell division occurring by the third day. Moreover, the rate of
proliferation, in the presence or absence of TGFa, is the same on all substrates tested, with the exception of laminin. The
TGFa/collagen type IV signaling system that induces LAMP expression by the precursors has no modulating effect on
their proliferative kinetics. Nonetheless, only progenitors that are mitotically active respond to LAMP-inducing signals;
only 60% of the neurons, representing those that have divided at least once in culture, can be induced to express LAMP.
The data suggest that while speci®c signals affect choice of area phenotype during the cell cycle, they do so in the absence
of major changes in proliferative behavior. q 1996 Academic Press, Inc.
INTRODUCTION 1992, 1995; Arimatsu et al., 1992; Cohen-Tannoudji et al.,
1994), while at later stages, the appropriate sensory stimula-
tion is necessary for the proper development of precise corti-During normal development of the central nervous sys-
cal maps (Wiesel and Hubel, 1963, 1965; Woolsey andtem (CNS), stereotyped patterns of cell proliferation, neu-
Wann, 1976; O'Leary et al., 1994). The interactions thatronal migration, synapse formation, and expression of spe-
impact on the development of the cortical spatial domainsci®c neurotransmitters and proteins transform the neuroep-
remain elusive.ithelium into numerous distinctly organized regions. One
We previously identi®ed molecules that, early in cortico-of these structures, the cerebral cortex, develops at the ros-
genesis, regulate the development of a speci®c regional phe-tral-most portion of the neural tube. The cortex is character-
notype in vitro (Ferri and Levitt, 1995). Rat neuronal progen-ized by horizontal layers that are superimposed anatomi-
itors from the presumptive perirhinal region of the neuroep-cally with functionally discrete domains that span the corti-
ithelium are fated to express a limbic molecular phenotypecal layers. Cell±cell and cell±environment interactions
(Ferri and Levitt, 1993), de®ned by the expression of theappear to regulate the formation of the mature cortex. For
limbic system-associated membrane protein (LAMP; Levitt,example, early in development cell interactions can drive
1984; Pimenta et al., 1995; Zacco et al., 1990). Most differ-the expression of area-speci®c fates (Barbe and Levitt, 1991,
entiated neurons from the nonlimbic dorsal portion of the
cerebral wall, however, will express a limbic phenotype
when grown on matrigel, a reconstituted basement mem-1 Current address: Department of Pediatrics, Brown University,
Rhode Island Hospital, 593 Eddy Street, Providence, RI 02903. brane complex containing several growth factors and extra-
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LAMP expression (Ferri and Levitt, 1995), was added to the cellcellular matrix (ECM) molecules (Ferri and Levitt, 1995).
suspension prior to plating, reintroduced with the N2 medium forThe inducing components of this substrate have been iden-
various time periods, and then removed with a fresh change of N2ti®ed; members of the epidermal growth factor (EGF) fam-
medium for the remainder of the 4-day culture period.ilyÐEGF and transforming growth factor (TGF)aÐare nec-
The mitotic activity of the cortical progenitors, grown underessary for presumptive sensorimotor neurons to exhibit a
different conditions, was analyzed. Eight-hour pulses of 20 mM bro-
limbic phenotype. Moreover, one of the major matrix mole- modeoxyuridine (BrdU), which is incorporated into the DNA of
cules present in matrigel, collagen type IV, is also required actively dividing cells, were applied at various times over the 4
with EGF/TGFa for the expression of LAMP by the nonlim- days in culture. The total length of the cell cycle in E12 rat cerebral
bic population. Other matrix components, such as laminin cortical neurons in vivo is approximately 11 hr, with 6±8 hr de-
voted to S-phase (Waechter and Jaensch, 1972). Thus, the 8-hr pulseand ®bronectin, are unable to combine with the growth
should allow for most cells dividing in culture to incorporate BrdU.factor to induce LAMP expression. The mechanism by
Immunocytochemistry. A double-staining method was used towhich the matrix and growth factor interact to stimulate
visualize BrdU and microtubule-associated protein 2 (MAP2) im-limbic differentiation is not known, but could be related
munoreactivity in the same population. Cells were ®xed by immer-to modi®cation of proliferative behavior and/or terminal
sion in methanol at 47C for 10 min, then incubated in 2 N HCl atdifferentiation. In the present study, therefore, we explored
377C for 30 min to denature DNA. This was followed by two 5-
the effect of different ECM molecules, with and without min washes with 0.1 M sodium borate buffer to neutralize the acid.
TGFa, on the proliferation of cerebral cortical progenitors. The cells were then rinsed three times, 4 min each, in phosphate-
Laminin, but not collagen type IV or ®bronectin, promotes buffered saline (PBS, pH 7.2±7.4) and once for 5 min with PBS±
the proliferation of precursors above that measured under Blotto (PBS with 4% Carnation nonfat dry milk) to prevent nonspe-
ci®c binding. Cells were then incubated in a cocktail of mouseall other environmental conditions; the addition of TGFa
anti-BrdU (5 mg/ml, Boehringer Mannheim) and rabbit anti-MAP2does not alter the proliferative rate on collagen type IV and
(1:200 dilution, generously provided by Dr. Itzhak Fischer; Crandall®bronectin. Nonetheless, when grown on collagen type IV,
and Fischer, 1989) for 1 hr at 377C. The latter was used as a generalthe presumptive sensorimotor precursor cells require the
marker of neuronal differentiation (Matus et al., 1981). Followinggrowth factor signal to be present for only a brief period in
three 5-min rinses in PBS±Blotto, the cells were incubated in a
culture during active cell proliferation. cocktail of FITC-conjugated donkey anti-rabbit IgG and RITC-con-
jugated donkey anti-mouse IgG (both at 1:75 dilution, Jackson Im-
munoResearch) for 15 min at 377C. Cells were then rinsed with PBS
and mounted onto glass slides with PBS/glycerol/propyl gallate.MATERIALS AND METHODS
A similar double-staining method was used to localize LAMP
and MAP2 immunoreactivity in the same cells (Ferri and Levitt,
Timed pregnant Sprague±Dawley rats (Holtzman, Madison, WI) 1995). Coverslips with cultured cells were placed in 10% formalin
were used for this study. The day a vaginal plug was observed was ®xative for 10 min. After ®ve rinses in PBS and one rinse in PBS±
designated embryonic day (E) 0. All chemicals are from Sigma and Blotto, a cocktail of mouse anti-LAMP (1:750) and rabbit anti-
culture media and supplements from Gibco unless otherwise MAP2 (1:200) in PBS±Blotto was applied. After a 1-hr incubation
stated. at 377C, the cells were washed three times with PBS±Blotto and
Neuronal cultures. Cultures of neuronal precursors from pre- incubated with Cy3-conjugated donkey anti-mouse IgG (1:400,
sumptive limbic and nonlimbic cerebral wall were prepared as pre- Jackson ImmunoResearch) and FITC-conjugated donkey anti-rabbit
viously described (Ferri and Levitt, 1993). Brie¯y, on E12, pregnant IgG (1:150, Jackson ImmunoResearch) in PBS±Blotto for 20 min at
rats were anesthetized with an overdose of sodium pentobarbital, 377C. Coverslips were then rinsed with PBS and mounted onto glass
and embryos were removed and placed in a modi®ed Earl's balanced slides in PBS/glycerol/propyl gallate. For both staining procedures,
salt solution (EBSS) on ice. Under a dissecting microscope, skin and immunoreactivity was visualized using a Leitz microscope with
meninges were cut away from the brain, and regions of presumptive the appropriate ¯uorescence ®lter cubes.
perirhinal (limbic) and sensorimotor (nonlimbic) cortices were dis- Cell counts. To examine the effects of the extracellular matrix
sected. Homotopic regions from two to three litters were pooled molecules, both in the presence and absence of TGFa, on neuronal
and incubated in 0.35% collagenase/dispase (Boehringer Mann- progenitor cell proliferation, the percentage of MAP2-positive cells
heim) in Ca2//Mg2/-free EBSS at 377C for 30 min. After three rinses that were also BrdU-positive was determined. Under a 631 objec-
in EBSS, cells were dissociated by mechanical trituration with a tive, 10 horizontal sweeps, 1 mm apart, were made across each
®re-polished pipette and plated at a density of 5 1 104 cells/cm2 coverslip, and the number of MAP2-positive cells was counted.
onto coverslips coated with either 0.1 mg/ml poly-L-lysine, 20 mg/ One hundred to 125 cells were counted on each coverslip, repre-
ml laminin, 200 mg/ml collagen type IV (Collaborative Biomedical senting one sample. For each condition, six coverslips at each time
Products), or 20 mg/ml ®bronectin. Cells were cultured for 5 hr at point, obtained from three different experiments, were counted.
377C in 5% CO2 in a medium composed of a 1:1 mixture of Dulbec- Statistical analysis, using the Mann±Whitney±U test, was per-
co's modi®ed Eagle's medium and Ham's F12 nutrient mixture, formed to determine signi®cant differences between treatment
supplemented with 10% fetal calf serum, 50 units/ml penicillin, groups. The percentage of these MAP2-positive cells that also incor-
and 50 mg/ml streptomycin, by which time the cells had adhered porated BrdU was determined by switching the ®lters to that appro-
to the substratum. The medium was then replaced with de®ned priate for RITC. In separate experiments, the phenotype of the dif-
N2 medium (Bottenstein, 1985) and the cultures were maintained ferentiated cells was scored by counting the percentage of MAP2-
for 1 to 4 days. In some experiments, 2.5 ng/ml TGFa (Collaborative positive cells that were LAMP-positive, as previously described
(Ferri and Levitt, 1993).Biomedical Products), a dose shown to be effective in stimulating
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FIG. 1. MAP2 and BrdU immunoreactivity in cultured neuronal progenitors. Differentiated neurons can be identi®ed by the expression
of MAP2, which is distributed in cell bodies and neurites of postmitotic neurons (A,C). In some instances, cells exposed to BrdU incorporate
the thymidine analog and express MAP2 (B). Arrows in A and B represent the same neuron immunoreactive for both MAP2 and BrdU.
However, if exposed to BrdU later in culture, MAP2-positive cells do not incorporate BrdU (D). Arrowheads in C and D represent the
same neuron immunoreactive for MAP2, but not BrdU. Scale bars, 10 mm.
The TGFa/Collagen Type IV Signaling SystemRESULTS
Does Not Modulate Mitotic Activity
In our previous experiments, neuronal differentiation wasThe dissection of the cerebral wall at E12 allowed us to
isolate a population of cells composed almost exclusively strongly in¯uenced by interactions of cerebral cortical progen-
itors with their environment (Ferri and Levitt, 1995). In partic-of progenitors, as few preplate neurons are born at this age
(Bayer and Altman, 1990). To evaluate the mitotic activity ular, a large percentage of differentiated neurons derived from
the population of nonlimbic precursors express LAMP whenof these precursors in vitro, we exposed the cells to the
thymidine analog BrdU; mitotic activity was then quanti- grown on collagen type IV, but only in the presence of EGF/
TGFa. To determine whether the matrix and growth factors®ed by calculating the labeling index (LI), de®ned as the
percentage of differentiated neurons that had incorporated in¯uence differentiation by modifying the proliferative behav-
ior of the progenitors, we examined the ability of differentBrdU. Differentiated neurons were identi®ed by MAP2 im-
munoreactivity which is present in the cytoplasm of both matrix molecules to affect nonlimbic precursor mitotic activ-
ity in vitro. Dissociated E12 sensorimotor precursors werecell bodies and dendrites (Figs. 1A and 1C), while BrdU
immunostaining is limited to the cell nucleus (Fig. 1B). grown on either collagen type IV, laminin, ®bronectin, or poly-
L-lysine, in the presence or absence of TGFa. An 8-hr pulseMAP2/ neurons that incorporate BrdU (Figs. 1A and 1B),
therefore, are distinguished readily from those that do not of BrdU was applied during either the ®rst, second, third, or
fourth day in culture, and the LI was calculated after 4 days(Figs. 1C and 1D).
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in the LI, but was found to be signi®cantly different only when
cells were grown on laminin (P  0.05; Fig. 2B). These data
indicate that general changes in the proliferative rate of precur-
sor cells, under LAMP-inducing or noninducing conditions,
are not suf®cient to cause alterations in cell fate.
Only Neuronal Precursors that Are Mitotically
Active Respond to the LAMP-Inducing Signal
We have shown previously that LAMP expression is not
induced in the nonlimbic precursors if they are exposed to
the appropriate signals only after 60 hr in vitro (Ferri and
Levitt, 1995); this corresponds to the time when most neu-
ronal precursors have completed their terminal division. In
the present study, these precursors were grown on reduced
matrigel and TGFa was added during periods when mitotic
activity was highest. In the absence of the growth factor,
27% of the MAP2/ cells from presumptive nonlimbic cere-
bral wall are LAMP/ (Fig. 3). The addition of TGFa only for
the ®rst 5 hr in culture had little effect on the number of
LAMP/ neurons. When the growth factor is added for the
initial 10- or 20-hr periods, however, the percentage of dou-
ble-labeled cells increases to 53 and 60%, respectively. This
is the maximum number of neurons that can be induced to
express LAMP, even when TGFa is present for the entire
4-day culture period (Ferri and Levitt,1995). Moreover, this
percentage corresponds to the population of neuronal pre-
FIG. 2. Effects of different substrates, in the absence (A) and pres-
ence (B) of TGFa, on the proliferation of sensorimotor precursors.
An 8-hr pulse of BrdU was applied at 0, 24, 48, or 72 hr in culture
and cells were examined at 96 hr. When BrdU is applied at the time
the cells are placed in culture, the LI was about 70% for those
grown on laminin, and 40±50% for those grown on collagen type
IV, ®bronectin, or poly-L-lysine. Over successive days, the LI de-
creased regardless of the substrate. On each day, however, the LI
was signi®cantly different for cells grown on laminin compared to
those grown on poly-L-lysine (P  0.05, Mann±Whitney±U). The
addition of TGFa had no effect on proliferation on any substrate
except laminin, on which there was a signi®cant decrease in the
proliferation of the precursors at each day in culture (P  0.05).
Error bars represent the SEM.
in vitro. Under all conditions, mitotic activity decreased over
the 4-day culture period, with the proliferation rate highest
during the ®rst 24 hr and little cell division by the third day
(Fig. 2). When the precursors were grown in the absence of
TGFa, however, the decrease was more gradual for cells grown
FIG. 3. Presumptive sensorimotor or perirhinal precursors wereon laminin compared to the other substrates (Fig. 2A). When
grown on reduced matrigel, and TGFa was either not added (0 hr)pulsed with BrdU during the ®rst day in culture, the LI for
or was applied for various durations (5, 10, and 20 hr) from thecells grown on laminin was 68%, compared to 45% when
beginning of the culture period. When no exogenous growth factor
grown on collagen type IV, ®bronectin, or poly-L-lysine. By 48 was present, the percentage of MAP2/ cells that expressed LAMP
and 72 hr in culture, twice as many MAP2/ cells grown on in the nonlimbic population was 27%. When TGFa was present
laminin incorporated BrdU compared to the other substrates, for 5, 10, or 20 hr, the number of double-labeled sensorimotor cells
indicating that laminin signi®cantly enhances cell prolifera- increased signi®cantly from 32% to 53 and 60%, respectively (P 
0.05). Error bars represent the SEM.tion. The addition of TGFa tends to cause a modest decrease
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60 hr in culture, a time shown here to correspond to an
almost complete absence of cell proliferation, LAMP ex-
pression is not induced in the nonlimbic population (Ferri
and Levitt, 1995). In contrast, we show that when sensori-
motor precursors are cultured in the presence of TGFa on
collagen type IV for only the ®rst 10 or 20 hr, when mitotic
activity is greatest, the majority of the differentiated neu-
rons express a limbic phenotype. Interestingly, if the growth
factor is present only for the ®rst 5 hr in vitro, few presump-
tive nonlimbic neurons express LAMP, suggesting that the
progenitors need exposure to the signal for a minimum du-
ration. It is possible that this length of exposure corresponds
to precursor cells needing to pass through a speci®c phase
FIG. 4. Cumulative labeling of cultured neurons. Precursors were of the cell cycle in order to respond to the appropriate exoge-
grown on poly-L-lysine and an 8-hr pulse of BrdU was applied each nous signal. Such a scenario has been demonstrated for a
day in culture. At 96 hr, the LI for both perirhinal (PR) and sensorimo- different cortical phenotype; the laminar position adopted
tor (SM) progenitors was approximately 55%, indicating that about by a cortical neuron is determined by local factors present
half the neurons present at 96 hr divided at least once in vitro. when the progenitors pass through S-phase prior to terminal
differentiation (McConnell and Kaznowski, 1991). In our
experiments, exposure to TGFa for 5 hr may not be suf®-
cient to capture the precursors at the appropriate stage.
cursors that divided at least once in vitro (Fig. 4), shown In our previous experiments (Ferri and Levitt, 1995), the
when an 8-hr pulse of BrdU was applied each day in culture; maximum percentage of differentiated sensorimotor neu-
the resulting LI for both presumptive limbic and nonlimbic rons induced to express LAMP was 55±60%. Coinciden-
precursors at 96 hr was 55±60% on polylysine and collagen tally, we show here that this percentage re¯ects the number
type IV. The MAP2/ cells that did not incorporate BrdU of sensorimotor progenitors that were labeled by BrdU in
completed their terminal division prior to or at the time of culture, suggesting that cells dividing at least once in vitro
their placement in culture. This further supports the hy- are responsive to the growth factor/matrix signaling system.
pothesis that only progenitors that are actively proliferating One prediction from this outcome is that promoting longer
respond to the TGFa/collagen type IV signaling system. periods of proliferation in vitro, under appropriate condi-
Moreover, once the cells are postmitotic, it appears that tions, will increase the percentage of responding cells; the
they no longer require this signal complex to maintain addition of fetal calf serum would accomplish this, but the
LAMP expression. complexity of growth factors in serum precludes its use in
our studies.
DISCUSSION
Matrix Regulation of Cell Fate
The present study demonstrates that the effects of the The present study demonstrates that the combination of
growth factor/matrix interaction in regulating the expres- collagen type IV and TGFa does not induce the limbic phe-
sion of an area-speci®c phenotype, LAMP, does not involve notype in sensorimotor progenitors by altering the prolifera-
the modulation of neuronal progenitor cell proliferation. In tive behavior of neuronal precursor cells. It is possible that
addition, TGFa, in the presence of collagen type IV, acts TGFa promotes the survival of a speci®c population of neu-
during the peak period of cell proliferation to induce LAMP ronal precursors or postmitotic neurons. We feel this is un-
expression in a nonlimbic population. We found that only likely, however, since there is little difference in the total
a limited exposure to this signaling system is needed to number of MAP2-positive neurons in the nonlimbic popula-
induce the limbic phenotype. tion under culture conditions where LAMP is or is not in-
duced (Ferri and Levitt, 1995). Clonal analysis of the cere-
bral cortical progenitors would more directly address thisRelationship between Cell Cycle and Neuronal
issue.Differentiation
There are several possibilities by which the growth factor
and matrix may interact to in¯uence LAMP expression.The present analysis of the proliferative behavior of corti-
cal precursors in vitro, when considered together with our First, there may be a direct interaction between collagen
type IV and the precursor cells themselves. For example,previous culture studies (Ferri and Levitt, 1995), demon-
strates that progenitors, during periods of active prolifera- collagen type IV may activate or induce a speci®c receptor,
such as a speci®c integrin heterodimer (Duband et al., 1992;tion, are the most likely cells to respond to the collagen
type IV/TGFa signaling system. When TGFa is added after Bradshaw et al., 1995), that renders the progenitor cells ca-
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pable of responding speci®cally to EGF/TGFa. Other matrix ®nds itself just prior to leaving the cell cycle may de®ne
subsequent differentiative pathways (McConnell and Kaz-molecules, such as laminin and ®bronectin, might not acti-
vate the identical receptor, precluding a response by the nowski, 1991; Levitt et al., 1993; Levitt, 1994; Ferri and
Levitt, 1995). This model would readily allow for a signi®-precursor cells to the added growth factor. Alternatively,
collagen type IV may regulate the level of EGF receptor cant amount of movement of progenitors in the ventricular
zone. However, there is a recent report of up to 20% nonra-expression on the progenitor cells; recent evidence shows
that the number of growth factor receptors expressed by a dial migration outside of the proliferative zones (O'Rourke
et al., 1995). The contribution of nonneuronal cells or cellsprecursor cell is an important mechanism in controlling
cellular differentiation (Lillien, 1995). that eventually die to the nonradial population is unknown,
but is unlikely to provide suf®cient mixing to preclude earlyA second possibility involves a direct interaction between
the matrix and growth factor. Collagen type IV may prevent cellular commitments.
We have identi®ed extrinsic signals that regulate the de-growth factor degradation or may modulate the binding of
EGF/TGFa to its receptor and thus regulates the activity of velopment of one speci®c region, the limbic perirhinal cor-
tex (Ferri and Levitt, 1995). The mechanisms by which EGF/the growth factor. Such an interaction has been demon-
strated between the heparan sulfate proteoglycans and the TGFa and collagen type IV contribute to the expression of
a limbic phenotype is not yet known, but both receptorfamily of ®broblast growth factors (FGF) (Saksela et al.,
1988; Bashkin et al., 1989; Rapraeger et al., 1991; Yayon et and matrix are present in speci®c spatiotemporal patterns
during cortical development (Eagleson et al., 1996). The inal., 1991). For example, two heparan-binding FGFs, FGF-1
and FGF-2, appear to regulate neuronal proliferation and vitro studies presented here clearly show that these environ-
mental interactions with mitotically active cells help todifferentiation in the telencephalon at discrete times in de-
velopment (Murphy et al., 1990). Utilizing a mechanism of establish a neuronal identity that can in¯uence later devel-
opmental events in the cortex. For example, after trans-altering the level of glycosylation of a unique heparan sul-
fate proteoglycan, the neuroepithelium binds the appro- plantation, when putative sensorimotor progenitors are
placed in perirhinal cortex and become LAMP-expressingpriate FGF during a speci®c developmental period (Nur-
combe et al., 1993). This results in temporally speci®c sig- neurons, their patterns of thalamic and cortico-cortical in-
nervation re¯ect their new molecular phenotype (Barbe andnaling for FGF-2 at E9, and FGF-1 at E11.
Levitt, 1992, 1995). The inability of a cell to respond to
certain environmental cues once it exits the cell cycle sug-
Extrinsic Regulation of Early Cortical Development gests that early phenotypic decisions may provide a critical
framework from which the mature, highly complex cerebralDevelopment of the cerebral cortex involves a series of
events that begins with the differentiation and migration cortex evolves.
of cortical progenitors. Recent hypotheses concerning the
mechanisms that contribute to areal differentiation suggest
either early speci®cation of the cerebral wall into a proto- ACKNOWLEDGMENTS
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